A density functional theory study was performed to investigate the interactions between 1-butyl- 
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Introduction
Naphthenic acids (NAs), a mixture of alkyl-substituted cyclic aliphatic carboxylic acids, are among the most common oxygen-containing compounds in crude oil [1, 2] . The presence of NAs increases the acidity of crude oils, and causes serious corrosion to oil refining equipment, transportation pipelines, and storage tanks [3] . NAs also induce other serious problems such as poisoning catalysis, forming coke, and emulsions [4] . Therefore, it is important to remove NAs from crude oil and NAs removal is critical for heavy oil upgrading [5] . Several methods are used to separate NAs from crude oil including aqueous solution washing, solvent extraction, adsorption, catalytic esterification, and decarboxylation [6] , but these methods have their drawbacks, making it critical to investigate alternative approaches to remove NAs from crude oil.
Ionic liquids (ILs) are nonvolatile, thermally stable, nonflammable, and environmentally friendly green solvents, and they are considered favorable solvents for many separation processes [7, 8] . Recently, significant progress has been made to utilize ILs to separate NAs from crude oil. Anderson et al. used tetraalkylammonium and tetraalkylphosphonium amino acidbased ILs to remove NAs from crude oil [9] . Sun et al. attempted to use imidazole anion and 1-alkyl-3-methylimidazolium imidazolide to separate NAs from crude oil [10] . Shah et al. investigated the isolation of NAs from highly acidic model oil using imidazolium-based ILs and hydroxide-based ILs [11, 12] . In addition, the separation of NAs from crude oil was also realized through employing thiocyanate-based ILs [13] .
Considering the structures and diversity of functionalities of ILs, most types of interactions, including dispersive, π-π, n-π, hydrogen bonding, dipolar, and ionic/charge-charge, can occur between ILs and other compounds [14] . Moreover, the composition of NAs are often complex and therefore, the interactions between ILs and NAs are different based on the structures of NAs.
Although it is difficult and time-consuming to investigate IL-based extraction mechanisms for NAs through experiment, the interactions of ILs and compounds can be explored through quantum chemical computation [15, 16] . Despite the numerous experimental investigations on the application of ILs to separate NAs from crude oil [9] [10] [11] [12] [13] , few detailed computational studies have been reported on the direct interactions between ILs and NAs thus far. Furthermore, current theoretical studies mainly focus on IL-based extraction of sulfur and nitrogen-containing compounds from fuels [17] [18] [19] . Due to structural differences between NAs and sulfur and nitrogen-containing compounds, it is necessary to investigate the ILs extraction mechanisms of 
Computational Methods
The density functional computations were performed by using the Gaussian 09 program package [20] . Many theoretical studies on ILs were carried out by using M06-2X/6-311++g(d,p) level of theory [21] [22] [23] [24] [25] . Therefore, the structures of [BMIM] [BF 4 ] and the six different model
NAs were optimized by using the M06-2X method and 6-311++G(d,p) basis set. The
[BMIM] [BF 4 ]-model NAs structures were also optimized by using the same method and basis set. The interaction energies were calculated at M06-2X/6-311++G(d,p) level with the correction by the basis set superposition error method. The second-order perturbation energy E(2) in the natural bond orbital (NBO) was investigated in Gaussian 09 at the M06-2X/6-311++G(d,p) level of theory. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) were calculated. Analyses of the noncovalent interactions (NCI) and electron density difference were carried out by analyzing the wave functions for the optimized structures using the Multiwfn software package [26, 27] . The coulomb-attenuating method CAM-B3LYP, which considers long-range interactions, was used in combination with 6-311++G(d,p) basis set to perform HOMO-LUMO overlap integral analysis [28] . Topological properties were analyzed by using atoms in molecules (AIM) theory [29] . Fig. 3 with Cartesian co-ordinates summarized in Table S1 . It was noted that the most stable geometry for [BMIM] [BF 4 ] calculated with the 6-311++G(d,p) basis set ( Fig. 3a) varies from the geometry calculated with the 6-311G(d,p) basis set ( Fig. 3b) . Additionally, the energy deviation between the two structures is 9.95 kcal/mol. With the addition of two diffusion functions, the 6-311++G(d,p) basis set can better represent the electron distributions [30] , hence, it was chosen for the current study. The van der Waals (VDW) radii for fluorine and hydrogen 
Results and Discussion
Optimized geometries
Interaction energies
NBO analyses
To obtain donor-acceptor interactions between [BMIM] and model NAs, NBO analysis and a second-order perturbation theory analysis were carried out. The results are listed in Table S2 . 
The topological properties of interactions
Atoms in molecules (AIM) analysis was performed to investigate the topological properties of interactions [29] . The total electronic density (r) and Laplacian  2 (r) at the bond critical point (BCP) are useful to illustrate the characteristics of the chemical bonds. The results are displayed in Fig. S1 and listed in Table. 
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The electron density (r) of BCPs represents the strength of interactions; larger value means a stronger interaction [32, 33] . According to 4 ]-CHPA is the H54···H22 bond. Therefore, it is concluded that hydrogen bonding is the main interaction for NAs without long alkyl chains, whereas VDW and hydrogen bonds interactions are the main interactions for NAs with long alkyl chains. The hydrogen bonding extraction mechanism was confirmed by Shah et al. in their experimental study [12] . It is also consistent to the mechanism proposed by Anderson et al. [9] . and model NAs [34] .
NCI analyses
NCI analyses can provide information about intramolecular and intermolecular interactions
to distinguish interaction types and strength [35] . To investigate interaction types and strength, Table. S5). On the contrary, there is no spike at -0. 
The HOMO-LUMO overlap integral analyses
It is reported that overlap of the molecular orbitals occurs when ILs interact with compounds, and orbital overlap analysis is beneficial to understand the interactions [36, 37] . In 
Electron density difference analysis
The formation of complexes between ILs and compounds generates electron density redistribution [38] . To understand the electron redistribution caused by the interaction between
[BMIM] [BF 4 ] and the six model NAs, electron density distribution maps were plotted shown in is more efficient at extracting NAs with polycyclic hydrocarbons or multiple carboxylic groups.
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